Introduction
Subcellular gene expression is a means to achieve embryonic and cellular polarity and is frequently accomplished through the controlled translation of localized mRNA (Du et al., 2007; King et al., 2005; Martin and Ephrussi, 2009; St. Johnston, 2005) . Localization of specific mRNAs during oogenesis and embryogenesis helps to determine the body plan of the developing embryo. However, localized mRNAs also play essential roles in differentiated cells. For example, in fibroblasts the accumulation of b-actin mRNA at the leading edge underlies directional cell motility (Shestakova et al., 2001) , while in neurons the localization of mRNA contributes to synaptic plasticity (Steward and Schuman, 2003) .
It has become apparent that, in general, a considerable number of proteins must assemble on the cis-acting elements that determine translocation and anchoring of an mRNA. In some instances, localized mRNAs may be associated with ribosomes or other complex structures, thereby forming distinct granules (Antar et al., 2004; Kiebler and Bassell, 2006;  0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.03.007 Kloc et al., 2002; Krichevsky and Kosik, 2001; Smith et al., 2004) . Even in cases where the cis-acting element is relatively small, such as the 54-nucleotide zipcode sequence in b-actin mRNA, several protein factors appear to participate in the process of localization (Gu et al., 2002) . The substantial number of factors associated with any particular localized mRNA certainly reflects the complexity of this process, which usually entails concomitant repression of translation.
Xenopus Vg1 mRNA is transported to the vegetal pole during stage III of oogenesis and then spreads along the cortex of this hemisphere (King et al., 2005) . Transport and anchoring require a 340-nucleotide element in the 3 0 -untranslated region (UTR) referred to as the Vg1 localization element (VLE) (Mowry and Melton, 1992) . A 252-nucleotide A:U-rich sequence positioned 118 nucleotides downstream of the VLE mediates translational repression of the mRNA and is termed the Vg1 translational element (VTE) (Otero et al., 2001; Wilhelm et al., 2000) . Translation of Vg1 mRNA begins during stage IV of oogenesis and appears to result from a cleavage/ polyadenylation reaction that removes the VTE (Kolev and Huber, 2003) . Six different polypeptides can be crosslinked to the VLE upon UV irradiation, indicating that Vg1 mRNA, as expected, requires several protein factors for proper localization (Mowry, 1996) . Those trans-acting factors that specifically associate with the VLE include Vg1RBP/Vera (Deshler et al., 1998; Havin et al., 1998) , VgRBP60/hnRNP I (Cote et al., 1999) , Prrp (Zhao et al., 2001 ), VgRBP71/KSRP (Kroll et al., 2002) , 40LoVe (Czaplinski et al., 2005) , and a Xenopus homolog of Staufen (XStau) (Allison et al., 2004; Yoon and Mowry, 2004) . Moreover, the localization RNP complex associates with the plus-end tracking motor proteins kinesin-1 and kinesin-2 (Betley et al., 2004; Messitt et al., 2008; Yoon and Mowry, 2004) .
Despite progress in assigning function to some of these trans-acting factors, several challenging questions remain, including what determines the directionality of movement, since a pathway to the animal hemisphere operates contemporaneously with the pathway used by Vg1 and other vegetally localized RNAs, and what controls timing of localization, since a group of RNAs move through an earlier (METRO) pathway and seem to use many of the same factors (Chang et al., 2004; Choo et al., 2005; Claussen et al., 2004; Kloc and Etkin, 1998) . In addition, the exact composition of the RNP complex, its order of assembly, and its dynamics during transport and anchoring are not fully defined.
To address some of these questions, we have used yeast two-hybrid assays to identify additional constituents of the Vg1 localization RNP complex as well as to delineate interactions within this structure. A yeast two-hybrid screen of a Xenopus oocyte library using Prrp as bait retrieved 40LoVe several times. This protein was recently isolated by affinity chromatography on immobilized VLE RNA and shown to be required for efficient localization of Vg1 mRNA (Czaplinski et al., 2005) . We present a phylogenic analysis and other evidence that indicate 40LoVe is related to Drosophila Squid. We find that 40LoVe associates with Vg1 mRNA in the nucleus; thus, it is one of the first components to join the RNP complex that forms on the VLE. Based on the nonspecific binding activity of 40LoVe in vitro, this recruitment likely depends on other trans-acting factors that bind to Vg1 mRNA in the nucleus, most likely VgRBP60/hnRNP I (Kress et al., 2004) . We demonstrate that 40LoVe, like Vg1RBP/Vera, is excluded from the mitochondrial cloud in stage I oocytes, suggesting factors that bind in the nucleus may determine the temporal pathway utilized in the cytoplasm.
Results

Prrp interacts with 40LoVe
Prrp was identified by its ability to bind to and co-localize with Xenopus Vg1 mRNA (Zhao et al., 2001 ). Subsequently, it was used as bait in a yeast two-hybrid screen of a Xenopus oocyte cDNA library. Of the 59 colonies that exhibited strong b-galactosidase activity, at least 15 were VgRBP71, which also binds to the VLE (Kroll et al., 2002) . The second most frequently recovered protein (at least 5 independent isolates) from the yeast two-hybrid screen is a member of the 2·RBD-Gly family of hnRNP proteins that includes the A/B and D type isoforms (Dreyfuss et al., 1993) . None of the clones isolated from the screen contained a full-length open reading frame (ORF); thus, a cRACE strategy (Maruyama et al., 1995) was used to determine the complete 5 0 nucleotide sequence that included the remainder of the ORF. The full-length ORF encodes a 326 amino acid polypeptide (Fig. 1A ) having 92% identity with 40LoVe, a protein that was identified by its retention on an RNA affinity column that contained the localization element of Vg1 mRNA (Czaplinski et al., 2005) . Antibodies against 40LoVe injected into oocytes decreased localization of Vg1 mRNA, implicating the protein in this process (Czaplinski et al., 2005) . It is important to note that we have determined that 40LoVe and the sequence reported here are encoded by distinct genes. Each is well represented in EST databases, indicating that both genes are functional. The tetraploid origin of Xenopus laevis means that gene duplication is not uncommon; in most instances, the two copies exhibit 10% or less sequence divergence (Graf and Kobel, 1991) .
The interaction between 40LoVe and Prrp was confirmed using a pull down assay (Fig. 1B) . Prrp labeled with [
35 S] was synthesized in rabbit reticulocyte lysate and mixed with 40LoVe that was fused to maltose binding protein (MBP). The two proteins were incubated in the absence (lane 3) or presence (lane 4) of Vg1 RNA, followed by retrieval of the 40LoVe fusion protein using amylose beads. The precipitated samples were analyzed by electrophoresis/autoradiography. Vg1 RNA has no detectable effect on the amount of Prrp associated with 40LoVe, indicating that there is a direct interaction between the two proteins. The longest version of 40LoVe identified in the two-hybrid screen with Prrp begins at amino acid residue 113 (Fig. 1C , column 4). The shortest clone from the screen begins at valine-193 within the RNP1 sequence of the second RBD. Surprisingly, when a full-length clone of 40LoVe was tested against Prrp, there was no growth on selective medium, suggesting that the N-terminal region of 40LoVe diminishes this interaction (Fig. 1C, column 3 ). There is an irregular distribution of charged amino acids in 40LoVe. The N-terminus has 13 acidic residues within the first 50 amino acids; whereas, the C-terminal region has a preponderance of basic residues. Thus, intramolecular interactions may regulate the activity of the protein. High affinity association of Prrp with 40LoVe may only occur when the latter is bound to other ligands such as its cognate RNA or other trans-acting factors that fully expose the interaction domain for Prrp.
Prrp is comprised of two distinct structural domains: an N-terminal half with two RNA recognition motifs (RRM) and a proline-rich C-terminal half. The C-terminal half of Prrp binds to profilin and VgRBP71 (Kroll et al., 2002; Zhao et al., 2001) . However, this domain of Prrp alone has no detectable interaction with either full-length 40LoVe or its truncated form (amino acids 113-326) referred to as 40LoVeDN (Fig. 1C , column 5); rather, it is the N-terminal half of Prrp (amino acids 1-251) that interacts with 40LoVeDN (Fig. 1C , column 7) and even weakly with full-length 40LoVe (column 6).
2.2.
Phylogenetic analysis of 40LoVe
40LoVe has been assigned to the hnRNP D family of proteins (Czaplinski et al., 2005) ; however, an initial search of databases with the sequence of our clone indicated that it is more closely related to the hnRNP A/B family. In order to clarify the classification of 40LoVe, we have constructed an unrooted phylogenetic tree of selected hnRNP proteins from vertebrates and invertebrates (Fig. 2) . From the structure of the tree, it is apparent that there are at least five subfamilies (Akindahunsi et al., 2005) . We suggest calling this group the ''A/B-D subfamily'' to prevent confusion whether a protein is a specific ortholog of hnRNP D or simply a member of the larger group encompassing hnRNP A/B, D, and D-like proteins.
The proper phylogenic assignment of 40LoVe is important because many of the proteins that are implicated in RNA localization appear to be conserved through a wide range of species and cell types. Thus, it is possible that information on one can be extrapolated to its orthologs. Two proteins, Squid and Hrp48, which have been ascribed to the hnRNP A/ Fig. 2 -Phylogenetic analysis of selected 2·RBD hnRNP proteins. The unrooted phylogenetic tree (neighbor joining as implemented by ClustalX, 100 bootstraps) shows the relationships between Xenopus 40LoVe (both paralogs) and other members of the family of 2·RBD hnRNP proteins (using the conserved RNA binding domain region). This analysis indicates that 40LoVe is a member of the A/B subgroup of the A/B-D subfamily and Prrp is a member of the DAZap subfamily. The line leading to the Squid (Sqd) proteins is dashed to indicate that bootstrap support for the grouping is very weak. Protein names are preceded by a two-letter abbreviation of the source organism (Xl: Xenopus laevis; Hs: Homo sapiens; Mm: Mus musculus; Dr: Danio rerio; Dm: Drosophila melanogaster; Aa: Aedes aegypti). For accession numbers, full protein names, and additional information, see Supplementary material, Table 1. Note that the family of related 2·RBD hnRNP proteins contains additional organism-specific sequences and conserved subfamilies. B family, are required for the localization (and associated translational control) of a variety of mRNAs in Drosophila oocytes and embryos (Goodrich et al., 2004; Huynh et al., 2004; Lall et al., 1999; Norvell et al.,2005 Norvell et al., , 1999 Steinhauer and Kalderon, 2005; Yano et al., 2004) . Moreover, these proteins, which interact directly (Goodrich et al., 2004) , are found together in localization complexes containing IMP, the fly ortholog of Vg1RBP/Vera (Geng and Macdonald, 2006) . Our phylogenic analysis reveals that Xenopus Prrp and Drosophila Hrp48 are members of the DAZap subfamily and, thus, are likely orthologs. On the other hand, while Squid may be a member of the A-B/D subfamily (the statistics are not conclusive), none of the vertebrate A/B-D subgroups can be defined as the specific Squid ortholog, because the gene duplications that led to these subgroups occurred after the invertebrate-vertebrate divergence. However, the discovery that Prrp interacts with 40LoVe mirrors the association of Drosophila Hrp48 with Squid, indicating that the latter is a distant homolog of 40LoVe.
Temporal expression of 40LoVe
Oocytes were staged according to Dumont (Dumont, 1972 ) and the levels of 40LoVe mRNA ( Fig. 3A) and protein ( Fig. 3B ) were determined by Northern and Western blots, respectively. A single transcript of approximately 1470 nt is observed, which is close to the predicted length of 1390 nt that does not account for a poly(A) tail. 40LoVe mRNA is present in stage I oocytes and remains relatively constant throughout oogenesis. The level of 40LoVe protein is modest in stage I oocytes, but the protein is visible in confocal images of these oocytes immunohistochemically stained with affinity-purified antibody (see below). The amount of 40LoVe progressively increases during stages II and III and then remains constant for the remainder of oogenesis.
Isoforms of 40LoVe
There are three bands present in Western blots of 40LoVe that were also observed by Czaplinski et al. (2005) . We manually dissected staged oocytes into nuclear and cytoplasmic fractions, but did not detect any appreciable difference in the nucleocytoplasmic distribution of the three isoforms during oogenesis (results not shown).
Post-translational modifications, in particular methylation (Liu and Dreyfuss, 1995; Nichols et al., 2000; Xu and Henry, 2004) and phosphorylation (Xie et al., 2003) , are common in hnRNP proteins, which could account for the three different species of 40LoVe. Using Western blot assays, we did not detect any reaction of 40LoVe with antibodies specific for methylated forms of arginine (results not shown). Treatment of oocyte extract with alkaline phosphatase had no effect on the pattern of the 40LoVe triplet. Alternatively, 40LoVe immunoprecipitated from oocytes injected with [c-
32
P] ATP and incubated overnight exhibited no detectable incorporation of radiolabel, likewise, indicating that phosphorylation does not account for multiple forms of the protein.
A considerable number of proteins that comprise the hnRNP family arise by alternative splicing. Members of the A/B-D subfamily exhibit remarkably similar splicing patterns that generate multiple isoforms that differ very little in size (Kawamura et al., 2002; Norvell et al., 1999; Smidt et al., 1995; Wagner et al., 1998 ). An examination of the Xenopus EST database revealed that there are as many as six splice variants of 40LoVe, four of which affect the open reading frame. Differences in the lengths of these transcripts do not exceed 100 nucleotides, explaining the apparent single band in Northern blot assays (Fig. 3A) . Predicted changes in the mass of proteins encoded by these different ETSs vary between 1.0 and 2.6 kDa, potentially accounting for the isoforms detected in Western blots (Fig. 3B) . We have begun an analysis of 40LoVe splice variants using reverse transcription-PCR (RT-PCR) and have confirmed the existence of some of these splice variants in oocytes, including one with an insertion at nucleotide position 972 that replaces the last 23 amino acids with a sequence of 17 amino acids (E.I.H. and P.W.H., unpublished results). This corresponds to a decrease in molecular mass of about 1 kDa relative to the largest isoform. Currently, this splice variant is represented by 12 Xenopus ESTs. Thus, the three bands detected by Western blot arise, at least in part, from alternative splicing.
Six proteins can be specifically crosslinked to the localization element of Vg1 mRNA by UV irradiation (Mowry, 1996) . Two of these proteins, p36 or p40, could potentially correspond to 40LoVe. Prrp has a molecular mass of 39 kDa; however, we have been unable to detect UV crosslinking of Prrp (Dumont, 1972) and total RNA isolated for Northern blot analysis. Each lane contains 12 oocyte equivalents of RNA. The positions of the RNA size standards (nt) are indicated. The lower panel is GAPDH mRNA, which was used as a loading control. (B) Staged oocytes were homogenized and two oocyte equivalents loaded per lane in a Western blot assay. The primary antibody is affinity purified rabbit antibody against full-length 40LoVe. Molecular mass standards (kDa) are indicated.
to VLE RNA, indicating that it is not p40. Internally radiolabeled VLE RNA was added to extract prepared from stage II to IV oocytes. After UV irradiation, the mixture was treated with ribonucleases followed by immunoprecipitation. Affinity purified antibody to 40LoVe specifically recovers the crosslinked band corresponding to p40, establishing its identity as 40LoVe (Fig. 4 ). An aliquot of the crosslinked extract was also used for a Western blot (Fig. 4 , lane 5); after immunostaining, the nitrocellulose filter was exposed to X-ray film. Alignment of the autoradiograph and the filter revealed that only one of the 40LoVe isoforms, corresponding to the highest molecular mass, is crosslinked to RNA. Notably, this is the only isoform that was identified in the two-hybrid screen.
40LoVe binds RNA nonspecifically
The crosslinking experiment in oocyte extract demonstrates that 40LoVe binds directly to the VLE. The RNA binding activity of 40LoVe was tested in a series of mobility shift assays using [ 32 P]-labeled RNA titrated with increasing amounts of purified protein. The 40LoVe used in these experiments corresponds to the isoform that can be crosslinked to VLE RNA. The binding of 40LoVe to RNA containing either the localization element (Fig. 5A) or the adjacent translational control element (VTE) (Fig. 5B ) is complex. Binding in both cases appears cooperative and, indeed, intermediate species are apparent, especially in the case of VTE RNA. We present evidence below that 40LoVe can self-associate, accounting for the complex binding isotherms. It is likely that the pattern observed on the mobility shift gels represents the ultimate formation of a 40LoVe dimer on these RNAs. From the amount of protein required to reach half saturation of the RNA, we estimate the dissociation constants (K d ) for the VLE and VTE RNAs to be within the range of 15-25 nM.
The binding of 40LoVe was studied further using a UVcrosslinking assay that provides a better assessment of affinity and specificity, since it more closely approximates equilibrium conditions. Radiolabeled RNA (2 nM) representing the VLE, VTE, or a similarly sized nonspecific RNA, transcribed from pBSIISK, was incubated with increasing amounts of protein (Fig. 5C ). Samples were irradiated and then digested with ribonucleases A and T1. The products were analyzed by SDS-PAGE followed by autoradiography. Processing with NIH ImageJ software was used to construct binding isotherms. The results show that 40LoVe binds to the VLE and VTE RNAs with an affinity (K d $ 5 nM) only slightly greater than nonspecific RNA (K d $ 10 nM).
The binding specificity of 40LoVe to VLE and VTE RNAs was also measured in competition assays. Radiolabeled VLE or VTE RNA (Fig. 5D ) was incubated with 40LoVe and increasing amounts of cold competitor RNA; the amount of bound, radiolabeled RNA was then measured using the crosslinking assay. Competition by nonspecific RNA is only moderately less effective than by VLE or VTE RNA; thus, 40LoVe exhibits high affinity for RNA that is, nonetheless, largely nonspecific. It appears that association of this protein with Vg1 mRNA may require interactions with one or more proteins that bind to the VLE specifically.
40LoVe is associated with other localized RNAs in oocytes
The appreciable nonspecific binding of 40LoVe to RNA raises the question whether the protein is associated with Vg1 mRNA in vivo, and whether it is generally found with other mRNAs. To address this point, 40LoVe was immunoprecipitated from whole cell extract prepared from stage III/IV oocytes and the RNA associated with the protein was analyzed by RT-PCR (Fig. 6A) . Protein A-Sepharose beads adsorbed with preimmune serum or beads alone served as controls for these assays. We detected 40LoVe bound to Vg1 and VegT mRNAs, which are localized through the late pathway to the vegetal cortex, and to An1 and An3 mRNAs, which are localized to the animal hemisphere. In addition, we detected weaker signals for Xcat2 and Xwnt11 mRNAs, which are localized through the early, METRO, pathway to the vegetal pole. The latter result is not exceptional in that Vg1RBP/ Vera and VgRBP60, which are both necessary for localization through the late pathway, also bind to RNAs that use the early pathway (Betley et al., 2002; Chang et al., 2004; Choo et al., 2005; Claussen et al., 2004) . In fact, a 40 kDa protein that crosslinks to Xcat2 can be specifically displaced by VLE RNA (Chang et al., 2004) . We detected no association of 40LoVe with the mRNAs encoding transcription factor IIIA (TFIIIA), ribosomal protein L5, or actin (not shown), which are abundant, but not localized in oocytes. These results in conjunction with the in vitro binding assays indicate that this hnRNP protein is specifically associated with RNAs that are being localized, but that its recruitment likely depends on other trans-acting factors that are present on these RNAs.
The protein complex that binds to the VLE begins its assembly in the nucleus with the binding of Vg1RBP/Vera and VgRBP60 and, perhaps, other nuclear factors (Kress et al., 2004 ). Other components, including Prrp and XStau, are added after the RNA has been exported to the cytoplasm (Kress et al., 2004) . Since 40LoVe possesses a nucleocytoplasmic shuttling sequence, it seemed likely that it may be one of the components that joins Vg1 mRNA in the nucleus. We used the immunoprecipitation assay to determine the location at which 40LoVe first becomes associated with Vg1 mRNA. Extract was prepared from the nuclei and cytoplasm of manually dissected stage II oocytes and 40LoVe immunoprecipitated as above. RT-PCR analysis shows that nuclear 40LoVe is associated with Vg1 mRNA and, thus, is part of the RNP complex that forms in this compartment (Fig. 6B) .
Intracellular distribution of 40LoVe
The C-terminal 17 amino acids of 40LoVe are nearly identical to a shuttling sequence identified in other hnRNP A/B and D proteins (Kawamura et al., 2002) . Fluorescent immunohistochemical staining of staged oocytes was used to assess the distribution of the protein during oogenesis (Fig. 7A) . While 40LoVe is predominantly nuclear in stage I oocytes, there is a detectable amount distributed throughout the cytoplasm. There is a considerable change in the nucleocytoplasmic partitioning of 40LoVe during the transition Asterisks mark the position of observed RNP complexes. (C) Binding assays were carried out in the same conditions with VLE, VTE, or nonspecific (ns) RNA. After crosslinking by UV irradiation and digestion with ribonucleases, the samples were analyzed by SDS-PAGE followed by autoradiography to detect radiolabeled protein (insert). Quantification of the autoradiograph using ImageJ software was used to construct binding isotherms. (D) Competition assays contained 10 nM 40LoVe and 2 nM radiolabeled VLE or VTE RNA and the indicated amount of unlabeled competitor RNA. Samples were crosslinked by UV irradiation, digested with ribonucleases, and then analyzed by SDS-PAGE/autoradiography. Radiolabeled VLE RNA competed against unlabeled VLE (s) or nonspecific (h) RNA; radiolabeled VTE RNA competed against unlabeled VTE (4) or nonspecific (j) RNA.
through stages II and III, with a progressive depletion of the protein from the nucleus and an apparent transient accumulation in the perinuclear region. This pattern is notably similar to that for Vg1 mRNA, which also accumulates on the outer edge of the nucleus just prior to being transported to the vegetal cortex (King et al., 1999; Kloc et al., 1996) . Czaplinski et al. (2005) observed a modest enrichment of 40LoVe at the vegetal cortex of stage III oocytes; however, we did not detect any appreciable accumulation of the protein in this region. It is possible that 40LoVe is immediately released from the mRNA once transport is complete, resulting in only a small steady-state increase in the concentration of the protein at this site.
40LoVe is conspicuously excluded from a small region in the cytoplasm of stage I oocytes that we speculated corresponds to the mitochondrial cloud. Vg1 mRNA is similarly excluded from this structure, which is used to transport RNAs through the early (METRO) pathway to the vegetal pole (Forristall et al., 1995; Kloc and Etkin, 1995; Melton, 1987) . We addressed this point directly using combined in situ hybridization to detect Xcat-2 mRNA, which is transported through the early pathway, and immunohistochemical staining of 40LoVe (Fig. 7B) . A merge of confocal images shows that the cytoplasmic region devoid of the protein does correspond to the mitochondrial cloud that is transporting Xcat-2 RNA. A second dual label experiment supports these results. Follow- Fig. 6 -40LoVe is associated with localized RNAs in vivo. (A) 40LoVe was immunoprecipitated from whole cell extract prepared from stage III/IV oocytes. Associated RNA was reverse transcribed into cDNA and amplified by PCR using gene-specific primers (denoted by the bars above the relevant lanes) to test for the presence of the indicated mRNA. A standard was generated using total oocyte RNA as the template for RT-PCR (PCR control). Control assays included precipitation with protein A-Sepharose resin alone (-antibody) and resin adsorbed with pre-immune serum. (B) Stage II oocytes were manually separated into nuclear (N) and cytoplasmic (C) fractions. Extract from each was immunoprecipitated with protein ASepharose resin absorbed with affinity-purified antibody to 40LoVe (lanes 1 and 3) or preimmune serum (lanes 2 and 4). The presence of Vg1 mRNA was detected by RT-PCR.
ing staining using affinity purified antibody to 40LoVe, stage I oocytes were incubated with MitoTracker Green FM (Fig. 7C) . The mitochondrial cloud in this case appears as a more intensely stained region relative to the rest of the cytoplasm and corresponds exactly to the area of excluded 40LoVe. Interestingly, another trans-acting factor of the late pathway, Vg1RBP/ Vera, which also can bind to RNAs localized through the early pathway, is excluded from the mitochondrial cloud (Chang et al., 2004) . Thus, despite the ability of some trans-acting factors to bind to RNAs that translocate during stage I, these proteins are, nonetheless, excluded from the structure utilized by this pathway.
Interactions among VLE binding proteins
The importance of protein-protein interactions within the localization RNP complex is underscored by the recent report that the RNA-binding activity of Vg1RBP/Vera is not required for co-localization of this protein with Vg1 mRNA (Rand and Yisraeli, 2007) . In the absence of direct contact with Vg1 mRNA, Vg1RBP/Vera can, nonetheless, be integrated into a functional RNP complex, presumably through contacts with other protein(s). We have taken the opportunity to use clones identified in yeast two-hybrid assays to test for interactions within the Vg1 localization RNP complex by this method. Interactions between some of the proteins have been identified biochemically (Czaplinski and Mattaj, 2006; Kress et al., 2004; Kroll et al., 2002) . Clones encoding Prrp were retrieved from the yeast two-hybrid screen when Prrp itself was the bait, indicating that it can form homodimers. Since several hnRNP proteins dimerize (Kim et al., 2000) , we tested the ability of the other VLE binding proteins to self-associate (Fig. 8A) . Self-pairings of Prrp, VgRBP71, and VgRBP60 all grew on selective medium and expressed b-galactosidase activity, with VgRBP71 giving an especially strong signal. Consistent with these results, homologs of VgRBP71 (KSRP) (Min et al., 1997) and VgRBP60 (hnRNP I) (Kim et al., 2000) have been shown to form homodimers. In these assays, 40LoVe shows, at best, a weak interaction. However, given the cooperativity seen in binding assays to RNA and the presence of a putative monomeric intermediate (Fig. 5) , it seems that binding to RNA may promote dimerization of this protein. Vg1RBP/Vera exhibited no evidence of self-association in the two-hybrid assay. Dimers of Vg1 RBP/Vera have been detected, but only when a chemical crosslinker was employed or, alternatively, in the presence of RNA (Git and Standart, 2002) . In vitro binding studies of the human ortholog of Vg1 RBP/Vera revealed cooperative dimerization of the protein upon binding its cognate RNA (Nielsen et al., 2004) . The behavior of 40LoVe, then, may be analogous to that of Vg1RBP/Vera where a normally weak self-association can be facilitated by binding of the protein to RNA.
Using immunoprecipitation assays, Kress et al. (2004) detected a direct interaction between Vg1RBP/Vera and VgRBP60 in the nucleus, but not the cytoplasm, of oocytes. We are able to confirm this interaction using two-hybrid assays (Fig. 8B,  column 4 ). In addition, two-hybrid assays reveal, for the first time, that VgRBP60 also interacts with Prrp (Fig. 8B , column 5), which we confirmed using a co-precipitation assay (Fig. 8D) . Hemeagglutinin-tagged Prrp, Vg1RBP/Vera and [ 35 S]-labeled VgRBP60 were individually expressed in rabbit reticulocyte lysate and the indicated combinations mixed. Epitope-tagged proteins were immunoprecipitated and associated VgRBP60 was detected by autoradiography. The co-precipitation of Prrp (Fig. 8D) with VgRBP60 is compared to Vg1RBP/Vera (Fig. 8C ). Since VgRBP60, like 40LoVe, associates with Vg1 mRNA in the nucleus, both proteins may be involved in the subsequent recruitment of Prrp to the localization RNP complex once it has been exported to the cytoplasm. VgRBP71 (Fig. 8B , column 6) and VgRBP60 (Fig. 8B , column 9) can interact with 40LoVe in two-hybrid assays. Czaplinski antibody. An optical confocal section was viewed in the green channel (left) to detect Xcat-2 mRNA or in the red channel (middle) to detect 40LoVe. A merge of the two images (right) demonstrates that the cytoplasmic Xcat-2 mRNA (mitochondrial cloud) is in the region from which 40LoVe is excluded. (C) Immunocytochemistry was used to label the distribution of 40LoVe in stage I oocytes, followed by staining with MitoTracker Green (MT), which stains mitochondria. The mitochondria were viewed in the green (left) and 40LoVe in the red (middle) channels, respectively. The merged image (right) shows that 40LoVe is excluded from the mitochondrial cloud.
and Mattaj (2006) , in accord with the present results, used affinity chromatography of oocyte extract and ''pull down'' assays with purified proteins to show that 40LoVe interacts with VgRBP60.
The two-hybrid assay indicates that VgRBP60 and VgRBP71 may interact weakly. Cells with this combination grew slowly on selective medium and the resulting colonies exhibited only modest b-galactosidase activity. Switching these coding sequences between bait and prey vectors generated the same results. An interaction between VgRBP60 and VgRBP71 was not detected in biochemical assays using oocyte extract and affinity chromatography (Czaplinski and Mattaj, 2006) . Thus, VgRBP71 makes its strongest contacts with Prrp and 40LoVe.
Interestingly, we did not find any other interactions involving Vg1RBP/Vera using the two-hybrid method. Vg1RBP/Vera co-immunoprecipitates with 40LoVe from an oocyte fraction enriched in yolk pellet proteins and localized RNA (Czaplinski Recently, a Xenopus homolog of Staufen was identified as a component of the Vg1 localization RNP complex (Kress et al., 2004; Yoon and Mowry, 2004 ). We did not detect an interaction between Staufen and any of the other VLE-associated factors, including Vg1RBP/Vera. Binding of Staufen to the VLE may be a prerequisite for its interaction with other trans-acting factors, or it interacts with an, as yet, unidentified component. The protein-protein interactions within the Vg1 localization RNP complex determined here and by others are summarized in Fig. 9. 
Discussion
Homology among trans-acting factors
The proteins identified to date that associate with the localization element of Xenopus Vg1 mRNA have homologs that have been implicated in the localization of assorted mRNAs in disparate cell types across a wide range of organisms. Vg1RBP/Vera belongs to a family referred to as VICKZ proteins that are involved in the localization of a variety of mRNAs (Yisraeli, 2005) . Homologs of VgRBP71 bind to the localization element of b-actin mRNA in fibroblasts and neurons (Gu et al., 2002; Snee et al., 2002) and to MAP2 mRNA also in neurons (Rehbein et al., 2002) . Recently, a Xenopus isoform of the Staufen protein was shown to have a role in the localization of Vg1 mRNA in oocytes . In Drosophila, Staufen participates in the localization of oskar and bicoid mRNAs in oocytes and prospero mRNA in embryonic neuroblasts (Roegiers and Jan, 2000) . Staufen is also implicated in the localization of CaMKIIa mRNA in mammalian neurons (Kanai et al., 2004) . Of particular significance here, chicken ssDBF, an hnRNP A/B protein with 83% identity to 40LoVe, binds to the zipcode localization element in b-actin mRNA (Gu et al., 2002) . Thus, the fundamental process of RNA transport appears to rely on a group of highly conserved proteins.
Two Drosophila hnRNP proteins, Squid and Hrp48 (Hrb27c), interact directly and, together, are required for the proper localization of gurken, oskar and ftz mRNAs (Goodrich et al., 2004; Huynh et al., 2004; Lall et al., 1999; Norvell et al., 2005; Norvell et al., 1999; Steinhauer and Kalderon, 2005; Yano et al., 2004) . Our phylogenetic analysis places Hrp48, along with Prrp, in the DAZap subfamily, indicating that they are homologs. However, it is not possible to place Squid unambiguously into one of the vertebrate subfamilies and, thereby, judge its relationship to 40LoVe based on phylogeny. Squid is likely a member of the A/B-D subfamily, but the statistics supporting this grouping are weak. We investigated insect genomes to determine whether a closer homolog to 40LoVe had simply been lost in fly, but did not identify any plausible candidates. There are, however, notable similarities between 40LoVe and Squid. Both have a conserved C-terminal nuclear import sequence that is not present in Hrp48. This structural similarity is reflected in the activities of the two proteins, which bind to their cognate RNAs in the nucleus prior to export to the cytoplasm. Indeed, nuclear binding of Squid to gurken and ftz (Lall et al., 1999) mRNAs is required for proper localization of these transcripts in Drosophila oocytes and embryos, respectively. Of equal significance, Hrp48 and Squid interact directly (Goodrich et al., 2004) just as Prrp and 40LoVe do. Together, these observations provide evidence that 40LoVe is likely the Xenopus equivalent of Squid.
Alternative splicing of 40LoVe
Members of the hnRNP A/B-D subfamily have remarkably similar splicing patterns that generate multiple protein isoforms that differ by just a few kDa (Kawamura et al., 2002; Norvell et al., 1999; Sarkar et al., 2003; Smidt et al., 1995; Wagner et al., 1998) . In several isoforms, splicing disrupts the carboxyl terminal nuclear import signal or removes an adjacent nuclear export signal. Despite being positioned outside the RNA binding domains, these differences also have been shown to alter the RNA-binding activity of the isoforms (Wagner et al., 1998) . Thus, it is significant that the isoform of 40LoVe that showed the greatest, if not sole, crosslinking to VLE RNA corresponds to the clones selected in the two-hybrid analysis, which all have an intact nuclear import signal. This segment is necessary for the shuttling activity of other hnRNP proteins (Kawamura et al., 2002; Sarkar et al., 2003; Suzuki et al., 2005) . There is evidence that the different splice isoforms of AUF1 associate in vivo to form a heterogeneous complex, which partitions nuclear export and import activity to different subunits (Sarkar et al., 2003) . This type of structural heterogeneity could then account for the apparent binding of all three isoforms of 40LoVe to a VLE RNA affinity column (Czaplinski et al., 2005) , yet the crosslinking of only one isoform to the VLE.
3.3.
Assembly of the localization RNP complex
We find 40LoVe, like Vg1RBP/Vera and VgRBP60 (Kress et al., 2004) , associated with Vg1 mRNA in the nucleus. The nonspecific RNA-binding activity of 40LoVe suggests that its association with Vg1 mRNA depends on at least one other factor. The most likely candidate is VgRBP60, since we detect a direct interaction between these two proteins in two-hybrid assays and a complex containing 40LoVe and hnRNP I (VgRBP60) was isolated from oocyte extract (Czaplinski and Mattaj, 2006) . VgRBP60 recognizes defined sequence elements (VM1 motifs) in the VLE (Cote et al., 1999) and, thus, possesses the binding specificity lacking in 40LoVe. The proposal that VgRBP60 determines the specific binding of 40LoVe to Vg1 mRNA is not only consistent with, but also explains, the observation that mutations in VM1 motifs abolish association of 40LoVe to the VLE in vivo (Czaplinski et al., 2005) . Although we did not detect a measurable interaction between 40LoVe and Vg1RBP/Vera using two-hybrid assays, deletion of four of the five Vg1RBP/Vera sites (E2 motifs) also eliminates binding of 40LoVe to the VLE.
Information on protein-protein interactions combined with intracellular location provides an emerging picture on the assembly of the Vg1 localization RNP complex. Vg1 mRNA exits the nucleus bound minimally by Vg1RBP/Vera, VgRBP60, and 40LoVe. Xstau and Prrp join the Vg1 complex in the cytoplasm (Kress et al., 2004) . Prrp binds directly to the VLE (Zhao et al., 2001) , but also interacts with VgRBP60 and 40LoVe, which may contribute to its recruitment. A direct interaction between Vg1RBP and VgRBP60 can be detected in the nucleus, but not in the cytoplasm, which is evidence that the structure/organization of the complex changes at some point during nuclear export or in the cytoplasm (Kress et al., 2004; Lewis et al., 2008) . VgRBP71 has RNA strand separation activity and, as such, the potential to remodel the structure of the localization RNP complex upon binding (Kolev and Huber, 2003) .
3.4.
Exclusion of the Vg1 RNP complex from the mitochondrial cloud
The double-label histochemical staining of stage I oocytes establishes that 40LoVe, like Vg1 mRNA, is excluded from the mitochondrial cloud. This organelle is used for the transport of RNAs that move through the early or METRO pathway (Kloc et al., 1996; Zhou and King, 1996a) . Vg1RBP/Vera is also excluded from the mitochondrial cloud (Chang et al., 2004) . Since Vg1RBP/Vera and 40LoVe bind to Vg1 mRNA prior to export to the cytoplasm, it is possible that these and, perhaps, other factors that bind in the nucleus determine the temporal pathway taken by a particular RNA. A report that Vg1 mRNA injected into stage I oocytes can accumulate in the mitochondrial cloud and move through the early pathway (Choo et al., 2005) , supports a model in which one or more proteins that bind in the nucleus normally prevent entrapment of Vg1 mRNA in this structure, resulting in utilization of the late pathway. This is similar to the observation that binding of hnRNP proteins, most notably Squid, in the nucleus is a prerequisite for proper localization of Drosophila pair-rule transcripts (Lall et al., 1999) .
Crosslinking experiments have revealed that the proteins used by the two pathways are remarkably similar (Chang et al., 2004; Claussen et al., 2004) . In vivo, early and late pathway RNAs can functionally compete with each other, providing additional evidence that they share some common factors (Choo et al., 2005) . In stage III/IV oocytes, we find 40LoVe associated with two RNAs (Xcat2 and Xwnt11) that are transported through the early pathway. In earlier work, we detected VgRBP71 bound in vivo to Xcat2 (Kroll et al., 2002) . These early RNAs may reflect a population that is utilizing the late pathway. While the bulk of Xcat2 and Xwnt11 RNAs may be transported through the early pathway, it is possible that localization of additional, albeit smaller, amounts of these RNAs continues through the late pathway. Indeed, injection of RNAs that normally use the early pathway, Xcat2, Xlsirts, or Xpat, into stage III oocytes are, nonetheless, localized (Hudson and Woodland, 1998; Kloc et al., 1993; Zhou and King, 1996b) . In this regard, it should be borne in mind that the apparently high concentration of nanos mRNA that accumulates at the posterior pole of Drosophila embryos actually represents only about 4% of its total (Bergsten and Gavis, 1999) .
Experimental procedures
Several of the experimental procedures have been described previously, including the yeast two-hybrid screen and assays, co-immunoprecipitation assays, cRACE identification of the 5 0 end of mRNA, RNA isolation, Northern blot analysis, and RNA binding assays (Kroll et al., 2002; Zhao et al., 2001 ).
Plasmids and nucleic acids
The yeast two-hybrid vectors (pGBKT7, pGADT7, as well as the pACT2 Xenopus oocyte cDNA library, were purchased from Clontech. The open reading frame of the Xenopus hnRNP A/B homolog (40LoVe) identified in the yeast two-hybrid screen was amplified by RT-PCR and ligated into the EcoRI and SalI restriction sites of pBSIIKS(+) (Stratagene). The plasmid pGBKT7-A/B carries the complete coding sequence of the hnRNP A/B isoform ligated into the EcoRI and SalI sites of the vector. The same fragment was also ligated into the EcoRI and XhoI sites of pGADT7 (pGADT7-A/B) and pET23b (pET23b-A/B). This latter plasmid was used for bacterial expression of 40LoVe with a C-terminal polyhistidine tag. The plasmid pMal-A/B was constructed by ligating the EcoRI and SalI restriction fragment of pGBKT7-A/B into pMal-c (New England Biolabs). This plasmid was used to express a fusion of maltose binding protein (MBP) and 40LoVe. The open reading frame of Vera/Vg1 RBP was amplified from pVeraCS2 (gift from J. O. Deshler, Boston University) using PCR and ligated into the NdeI and SalI or NdeI and XhoI restriction sites of pGBKT7 or pGADT7, respectively.
The coding sequence of VgRBP60 was cloned into pGBKT7 and pGADT7 using RT-PCR reactions. Total oocyte RNA was isolated from mixed staged oocytes using RNAwiz (Ambion). First strand cDNA synthesis was primed with random hexamers (Promega) and extended with Thermoscript reverse transcriptase (Invitrogen) . The VgRBP60 open reading frame was amplified from the cDNA using VgRBP60-specific primers and ligated into the NdeI and SalI or NdeI and XhoI restriction sites of pGBKT7 or pGADT7, respectively. The 3 0 UTR of Xcat-2 was released from the BamHI and XhoI sites of pCR2.1-Xcat2 (Kroll et al., 2002) and ligated into pBSIIKS(+) to generate pBS-Xcat2. Probes for Northern blots were prepared by PCR amplification using [a-32 P] dATP and plasmid templates for 40LoVe (nt 1-977) and Xenopus glyceraldehyde 3-phosphate dehydrogenase (nt 430-929).
Internally labeled VLE RNA was transcribed by T7 RNA polymerase from pBSVg1-B linearized with BamHI (Zhao et al., 2001) . In vitro transcription was also used to synthesize internally labeled VTE RNA (corresponding to nucleotide residues 1810-2163 of Vg1 mRNA) from pTCE linearized with NotI, and a 355 nucleotide non-cognate RNA was transcribed from pBSIISK(+) linearized with PvuII. The antisense Xcat-2 probe was generated by run off transcription from pBS-Xcat2, linearized with BamHI, in the presence of Alexa Fluor 568-UTP (Molecular Probes).
Phylogenetic analysis
Sequences related to 40LoVe were obtained by using BLAST to search representative NCBI databases (human, mouse, frog [Xenopus laevis], fish [Danio rerio], and insects [Drosophila melanogaster, Aedes aegypti]) for the set of sequences related to characterized 2·RBD hnRNP family members. These searches revealed that most databases contain large number of highly similar sequences representing different splice isoforms, sequencing variants, pseudogenes, etc. Because we were interested in determining the broad structure of the hnRNP family instead of performing an exhaustive analysis, when these closely related groups were observed, we chose a single sequence from each organism to represent that group (whenever possible, we chose one of the experimentally characterized variants, except for Xenopus laevis, where we retained these additional sequences). Moreover, for the purposes of clarity in the tree, we excluded more distantly related subfamilies such as Tia1 and Rnpc2, as well as divergent organismspecific sequences. Therefore, readers should be aware that additional relatives of sequences on the tree do exist in these organisms. Inclusion of these additional sequences did not alter the relationships between the sequences shown, except in unsupported regions of the tree (not shown). Alignments were performed with ClustalX (Thompson et al., 1997) using default parameters. Once the alignment was performed, the conserved core 2·RBD region was extracted for phylogenetic analysis, which was also performed by ClustalX using default parameters (neighbor-joining algorithm, 100 bootstrap trials). The tree was plotted by ''Unrooted'' (provided with ClustalX) and prepared for presentation by Adobe Illustrator. Alignments are available from the authors upon request.
Antibody
Rabbit antiserum was prepared against polyhistidinetagged 40LoVe protein that had been purified by nickel affinity chromatography. 40LoVe-MBP fusion protein was expressed, purified, and coupled to a HiTrap column (Amersham Pharmacia); serum (10 ml) was applied to the column and bound antibody eluted as described by (Harlow and Lane, 1988) . This purified antibody showed no appreciable cross-reactivity with proteins in extract prepared from oocytes. Anti-hemagglutinin antibody was purchased from Clontech. Anti-rabbit secondary antibody conjugated to AlexaFluor-568 was purchased from Molecular Probes.
4.4.
RNA binding assays 40LoVe protein was expressed in Escherichia coli (BL21 DE3) and purified by affinity chromatography on a Ni 2+ -NTA agarose column (Qiagen). Internally radiolabeled RNA representing either the VLE (nt 1440-1816) or TCE (nt 1810-2163) was prepared by run-off transcription in the presence of [a-
32
P] CTP and purified by electrophoresis on a 6% polyacrylamide gel containing 6 M urea. The binding of 40LoVe to RNA was measured by electrophoretic mobility shift assays on 6% nondenaturing polyacrylamide gels (Zhao et al., 2001 ). The binding buffer was optimized empirically and contained 20 mM HEPES (pH 7.9), 50 mM KCl, 1 mM EDTA, 1 mM DTT, 0.4 lg/ll BSA, 4 U RNasin (Promega) and 5% glycerol. Binding reactions contained 2 nM radiolabeled RNA and the indicated amounts of protein. The mixtures were incubated for 2 h on ice followed by electrophoresis at 200 V at room temperature.
In vivo binding assays using immunoprecipitation combined with RT-PCR followed the previously described procedure (Kroll et al., 2002; Zhao et al., 2001) . Whole cell extract prepared from stage III/IV oocytes was incubated with protein A-Sepharose beads that had been incubated with antiserum prepared against Xenopus 40LoVe or with preimmune serum. Stage II oocytes were manually dissected into nuclear and cytoplasmic fractions, which were homogenized, and used for additional binding assays.
UV crosslinking
Binding reactions were set up as described above for mobility shift assays. Samples were spotted onto Parafilm and irradiated, on ice, for 15 min with a 15 W germicidal UV lamp at a distance of 1-2 cm. The samples were digested with ribonucleases A (0.5 lg/ll) and T1 (0.7 U/ll) at 37°C for 60 min. The samples analyzed by SDS-PAGE. Proteins were transferred to nitrocellulose and visualized using a phosphorimager. Images were analyzed using NIH ImageJ software.
Whole cell extract was prepared by homogenizing stage I-IV oocytes in two volumes of buffer (50 mM Tris, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 1 mM PMSF, 2 lg/ml pepstatin A, 1 mM benzamidine, 2 lg/ml leupeptin, 25% glycerol) followed by centrifugation at 13,000g for 5 min. Mixtures (10 ll) for crosslinking in extract contained internally radiolabeled RNA and 2 ll of extract in buffer (5.2 mM HEPES, pH 7.9, 50 mM KCl, 0.1 mM EDTA, 10 mM DTT, 1 mM MgCl 2 , 1.5 mM ATP, 5 mg/ml heparin, 1% glycerol, 40 lg/ml E. coli tRNA). Following UV irradiation and digestion with ribonucleases, samples for immunoprecipitation were diluted to 100 ll with NET-2 buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.05% NP-40) and incubated for 2 h at 4°C with protein A-Sepharose beads that had been incubated with antiserum prepared against 40LoVe. Following three washes with NET-2 buffer, the beads were boiled in SDS loading solution for 10 min and analyzed as described above.
Confocal microscopy
Albino Xenopus oocytes were collected and separated as previously described (Zhao et al., 2001) . For immunostaining, oocytes were fixed (10 mM HEPES, pH 8.0, 4% formaldehyde, 0.25% glutaraldehyde, 100 mM KCl, 3 mM MgCl 2 , 150 mM sucrose, 0.1% Triton X-100) for 2 h at room temperature. The oocytes were then soaked in TBS (20 mM Tris, pH 7.5, 150 mM NaCl) containing 100 mM NaBH 4 for several hours at room temperature to reduce the glutaraldehyde. This was followed by equilibration with TBSN (TBS plus 0.2% NP-40), and then incubation in 0.5 ml TBSN containing 2% BSA and affinity-purified anti-40LoVe antibody (10 ll per well of 24-well plate) for 36 h at room temperature with gentle shaking. Control oocytes were treated identically except that no 40LoVe antibody was added. The oocytes were rinsed five times (1 ml each) with TBSN over the course of 36 h and then stained with secondary antibody conjugated to AlexaFluor-568 (5 ll per well) for 36 h, and washed to remove unbound antibody. The oocytes were dehydrated with several changes of methanol and cleared with benzyl benzoate:benzyl alcohol (2:1, v/v), and viewed using a Bio-Rad MRC 1024 scanning confocal system attached to a Nikon Diaphot 200 inverted microscope.
Mitochondrial staining of stage I oocytes followed immunostaining for 40LoVe; after the final wash step, the oocytes were rinsed twice with TBS, and stained for 2 h with 1 mM MitoTracker Green FM (Molecular Probes) in TBS containing 20% DMSO. The oocytes were then rinsed several times, over 2 h, in TBS and viewed by confocal microscopy without clearing. The effect of the fixative and detergents on mitochondrial staining was tested using living oocytes; separated oocytes were stained with MitoTracker for 2 h, rinsed for 2 h, and viewed (without clearing) by confocal microscopy. Endogenous Xcat-2 mRNA in stage I oocytes was visualized by fluorescence in situ hybridization. Stage I oocytes were fixed with MEMFA and stained for Xcat-2 and 40LoVe, as described earlier (Zhao et al., 2001) , except that the antibody incubations were performed as described above.
4.7.
Co-precipitation assays
Proteins were synthesized using either S30 T7 High-Yield Protein Expression System (Promega) or TNT rabbit reticulocyte lysate (Promega). Radiolabeled proteins were made by including Tran 35 S-Label (MP Biomedicals) in the synthesis reaction. Protein mixtures were incubated with amylose or protein A-Sepharose beads for 1.5 h at 4°C. Pelleted beads were suspended and washed three times with NET-2 buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl, 0.05% NP-40) containing protease inhibitors and 0.2 U/ml RNasin. Beads were suspended in SDS denaturing dye and analyzed by SDS-PAGE/ autoradiography (Kroll et al., 2002) .
